Abstract. Glioblastoma multiforme (GBM) is a fatal cancer with varying life expectancy, even for patients undergoing the same standard therapy. Identification of differentially expressed genes in GBM patients with different survival rates may benefit the development of effective therapeutic strategies. In the present study, key pathways and genes correlated with survival in GBM patients were screened with bioinformatic analysis. Included in the study were 136 eligible patients who had undertaken surgical resection of GBM followed by temozolomide (TMZ) chemoradiation and long-term therapy with TMZ. A total of 383 differentially expressed genes (DEGs) related to GBM survival were identified. Gene Ontology and pathway enrichment analysis as well as hub gene screening and module analysis were performed. As expected, angiogenesis and migration of GBM cells were closely correlated with a poor prognosis. Importantly, the results also indicated that cell dormancy was an essential contributor to the reduced survival of GBM patients. Given the lack of specific targeted genes and pathways known to be involved in tumour cell dormancy, we proposed enriched candidate genes related to the negative regulation of cell proliferation, signalling pathways regulating pluripotency of stem cells and neuroactive ligand-receptor interaction, and 3 hub genes (FTH1, GRM1 and DDIT3). Maintaining persistent cell dormancy or preventing tumour cells from entering dormancy during chemoradiation should be a promising therapeutic strategy.
Introduction
Glioblastoma multiforme (GBM), with a 5-year survival rate of 5.1% (1) , has a high fatality rate. The standard therapy of maximal safe resection or subtotal resection followed by concurrent chemoradiation and adjuvant temozolomide (TMZ) is recommended by the Clinical Practice Guidelines for Oncology (2) in the National Comprehensive Cancer Network ® (NCCN). This therapeutic strategy is widely carried out all over the world. However, the lifespan of GBM patients varies by relative increments from less than 6 months to more than 3 years. Furthermore, few studies or drugs have been designed to improve the survival time of GBM patients who have undertaken standard therapy.
Cancer cell genotypes, in combination with expression programmes, govern tumour immune fitness, evolution and resistance to therapy (3) . In recent years, studies such as those of The Cancer Genome Atlas (TCGA), have charted the genetic landscape and derived from it the bulk expression states of GBM, identifying driver mutations and defining tumour subtypes based on specific transcriptional profiles (4, 5) . Currently, there is a lack of knowledge concerning the reasons for the variable survival times of GBM patients who have undertaken standard therapy. Therefore, systematic screening of differentially expressed genes (DEGs) and cellular pathways in patients with different survival periods may be of great significance for the development of more effective diagnostic and therapeutic strategies.
In the present study, 136 eligible patients who had undertaken standard therapy were selected from TCGA profiles. DEGs correlating with survival time were identified from 12,042 genes. The most important hub genes and signalling pathways were screened by Gene Ontology (GO) analysis, pathway enrichment analysis, protein-protein interaction (PPI) network and module analysis. In addition, the importance of the hub genes was validated by an additional glioma dataset. Finally, evidence in the published literature is discussed to illustrate the importance of these genes and pathways. The recognition of the pivotal genes and pathways that affect the survival of GBM patients who had undertaken standard therapy may be a potential benefit for developing therapeutic strategies.
Materials and methods
Microarray data. The gene expression (AffyU133a) and phenotypes of the TCGA GBM data were downloaded from UCSC Xena (https://xenabrowser.net/datapages), which is a hub for gene data deposit and retrieval. The gene expression profile was evaluated experimentally using the Affymetrix HT Human Genome U133a microarray platform by the Broad Institute of MIT and Harvard University Cancer Genomic Characterization Center. Level 3 interpreted level data was originated from the TCGA data coordination center. This dataset showed the gene-level transcription estimates and data were in log space. The profile of phenotypes included detailed clinical information corresponding to each of the samples. The profile of Tumor Glioma-French-284-MAS5.0-u133p2 was chosen to validate the importance of the hub genes. It included 8 control samples, 24 grade Ⅱ glioma samples, 85 grade Ⅲ glioma samples and 159 grade Ⅳ GBM samples. And 272 samples were recorded with their exact survival time. Hub gene expression profiles, historical profiles and survival profiles were downloaded from R2 (http://r2platform.com), a web-based genomic analysis and visualization application.
Sample screening and group assignment. The included samples were from patients who had undertaken surgical resection of the tumor, followed by TMZ chemoradiation and long-term therapy with TMZ. Homogeneity was of great importance for this study, so exclusion criteria were established: i) treated primary GBM; ii) recurrent tumor and normal tissue; iii) Karnofsky performance scores <60; iv) no exact survival time; and v) no gene expression files. A total of 136 eligible samples were selected according to the above criteria. General characteristics of samples were analyzed with SPSS software (version 22; IBM Corp., Armonk, NY, USA). Median survival time ±10 percentiles was set as a boundary of group assignment. There were 54 samples in each group.
Identification of DEGs. DEGs were analyzed through the online tool Morpheus (https://software.broadinstitute.org/ morpheus/), a versatile matrix visualization and analysis software. Based on the Morpheus analysis, the dataset was adjusted by robust z-score. A total of 383 DEGs were identified through t-test with a P-value cut-off of ≤0.05; of which, 259 were upregulated and 124 were downregulated. P-value cut-off of ≤0.01 was indispensable for hub gene candidates. Both the heat map and dataset of results were downloaded.
Gene Ontology and pathway enrichment analysis of DEGs.
Gene Ontology analysis (GO) and KEGG pathway analysis were conducted through DAVID (https://david.ncifcrf.gov/ home.jsp), a database for annotation, visualization and integrated discovery. Upregulated genes and downregulated genes were analyzed respectively and P≤0.05 was considered as statistically significant. Annotation tables were downloaded.
Hub gene screening and module analysis. Search tool for the retrieval of interacting genes (STRING) (https://string-db. org/) is a database of prediction of protein-protein interaction (PPI). DEGs were mapped to STRING to conduct PPI analysis, and a minimum required interaction score ≥0.4 was set as significant. A simple tabular text was downloaded. With a differentially expressed P≤0.01, the most active 11 genes (the last two genes had the same nodes) in PPI networks were considered as hub genes. The relationships of hub genes between expression and glioma histology or survival were analyzed with GraphPad Prism software (version 6). The RNA levels of the 11 hub genes in 136 eligible samples were analyzed with the online tool Morpheus. PPI networks were constructed using the Cytoscape software (version 3.5.1). The modules of PPI networks were filtered with the plug-in Molecular Complex Detection (MCODE) in Cytoscape. MCODE scores >3 and number of nodes >5 were necessary for modules. Moreover, the function and pathway enrichment analysis were conducted for DEGs in the modules. P≤0.05 was considered to be significant.
Results

Eligible patients.
From the inclusion and exclusion criteria described above, 136 eligible patients who had undertaken surgical resection for GBM followed by TMZ chemoradiation and long-term therapy with TMZ were selected. The median survival rate for the patients was 448 days [95% confidence interval (CI), 421 to 475 days]. To obtain more significant differences and to reduce sample capacity loss, patients with survival times that were shorter or longer than the median survival time by ±10 percentiles were set as short and long survival groups, respectively. Each group had 54 patients, and differences in age, sex and subtypes were not significant (Table Ⅰ) .
Identification of DEGs.
The TCGA gene expression profile identified 12,042 genes. Based on t-test analysis with P≤0.05 criterion in Morpheus, a total of 383 genes (259 upregulated and 124 downregulated) were identified after analysis of the two groups. A DEG expression heat map is shown in Fig. 1 .
GO term enrichment analysis and KEGG pathway analysis.
All DEGs were uploaded to the online software DAVID (https://david.ncifcrf.gov/home.jsp) to identify overrepresented GO categories and KEGG pathways. According to the reverse order of P-values, the top two terms are shown in Tables II and III. GO analysis results (Table II) showed that the upregulated DEGs were significantly enriched in the biological processes (BP) of angiogenesis and negative regulation of cell proliferation. For molecular function (MF), upregulated DEGs were enriched in hydrolase activity, hydrolysing O-glycosyl compounds and integrin binding. Moreover, GO cell component (CC) analysis also showed that the upregulated DEGs were significantly enriched in extracellular exosome and extracellular space. Downregulated DEGs were involved in the negative regulation of transcription from RNA polymerase II promoter and chemical synaptic transmission for BP. For MF, downregulated DEGs were enriched in chromatin binding, protein heterodimerization activity. For CC, they were enriched in nucleus and postsynaptic density.
KEGG analysis results (Table III) illustrated that the upregulated DEGs were significantly enriched in the pathways of lysosome and extracellular matrix (ECM)-receptor interaction. Downregulated DEGs were enriched in the Rap1 signalling pathway and signalling pathways that regulate the pluripotency of stem cells.
Hub gene screening from the PPI network.
With the information from the STRING database, the top 11 hub genes (the last two genes had the same nodes) with the most nodes were screened. These hub genes included the following: serpin family E member 1 (SERPINE1), cathepsin B (CTSB), plasminogen activator, urokinase receptor (PLAUR), galactosidase β1 (GLB1), FOS such as 1, AP-1 transcription factor subunit (FOSL1), ferritin heavy chain 1 (FTH1), glutamate metabotropic receptor 1 (GRM1), hexosaminidase subunit α (HEXA), heat shock protein family B member 1 (HSPB1), DNA damage inducible transcript 3 (DDIT3), and cation dependent mannose-6-phosphate receptor (M6PR). The levels of hub gene expression were closely related to the survival time of 136 eligible GBM patients who had undertaken standard therapy (Fig. 2A) . The relationships between hub gene expression and histology and survival were also explored with another dataset (Fig. 2B-L) . The expression of FOSL1 was negatively correlated with the grade and survival of glioma (Fig. 2F) . The expression of FTH was not significantly related to the grade but positively correlated with survival of glioma (Fig. 2G) , and the expression of other genes was positively correlated with the grade and survival of glioma.
Module screening from the PPI network. In addition, a total of 265 nodes and 568 edges were analysed with the Cytoscape plug-in MCODE. The top 2 most significant modules were selected, and the pathway enrichment of the genes involved in these modules was analysed (Fig. 3) . Enrichment analysis indicated that the genes in these modules were mainly associated with the chemokine signalling pathway, neuroactive ligand-receptor interactions, ECM-receptor interactions and focal adhesion.
Discussion
In the present study, the pivotal genes and pathways related to the survival of GBM patients who had undergone standard therapy were explored. Surgical resection of the tumours followed by TMZ chemoradiation and long-term therapy with TMZ were required for eligible samples. To eliminate interference from confounding factors, treated tumours, recurrent tumours, normal tissues, and patients with a Karnofsky Performance Status (KPS) <60 were excluded. Additionally, the exact survival time was vital for group assignment and gene expression files were essential for further analysis. Finally, 136 eligible patients were included. Their median survival was 448 days (95% CI, 421-475 days), which was a little longer than the 14.6 months (438 days) reported in a study by Stupp et al (6) . This is most likely since all these eligible patients had undergone surgical resection, whereas only 84% of patients had undergone debulking surgery in the previous study.
Regarding the results of GO pathway analysis, it was significant that the negative regulation of cell proliferation was correlated with the short survival of GBM patients, although unlimited proliferation is one of the essential characteristics of cancers. The process involving growth restraints exerted by ectopic tissue that leads to reversible mitotic arrest is called tumour dormancy (7) . The literature published in recent years has revealed a growing focus on tumour cell dormancy, which is probably one of the main reasons for refractory to targeted or conventional therapies (7) (8) (9) (10) . In glioma, the 'peri-necrotic niche' harbouring HIF-1α + quiescent stem-like cells have been proposed as candidates for long-term tumourigenic cells (11) . For the enrichment in angiogenesis of upregulated DEGs, it is widely recognized that the extreme proliferation of new blood vessels in GBM is structurally and functionally abnormal and contributes to a hostile microenvironment (low oxygen tension and high interstitial fluid pressure) that selects for a more malignant phenotype with increasing morbidity and mortality (12) (13) (14) . In addition, the extracellular space is closely involved with the invasion and migration of glioma cells. It has been reported that a pore space of appropriate size can promote the amoeboid movement of glioma cells (15) . Clinically, we also observed that glioma cells spread along the structure of the white matter fibre bundle.
Furthermore, the KEGG pathway analysis showed that the downregulated DEGs were enriched in signalling pathways regulating pluripotency of stem cells. It has been reported that the anti-differentiation strategies of quiescent cells are co-opted by cancer cells (16) . Sosa et al reported that downregulated pluripotency is part of tumour cell quiescence and contributes to fuel incurable local or distal recurrences (17) . Regarding the enrichment of upregulated DEGs in the lysosome, it is known that the lysosome mediates the process of autophagy and plays multiple context-dependent roles in tumourigenesis and treatment resistance. Previous studies have also shown that the endolysosome is critical for the organization and turnover of epidermal growth factor receptor (EGFR) to maintain tumour growth and invasion (18) . For the enrichment of upregulated DEGs in ECM-receptor interaction, glioma cells produce their own ECM environment and use that of the host cells as a bed for migration (19) . Integrin directly binds the components of the ECM and provides the traction necessary for cell motility and invasion (20) . Regarding the enrichment of downregulated DEGs in the Rap1 signalling pathway, the Ras family of small GTPases is highly expressed in the normal brain, and the Rap1 signalling pathway is necessary to regulate neurite growth and arborization in mammalian neurons (21, 22) . However, it has been reported that Rap1 signalling also regulates glioma cell motility (23) .
PPI networks of DEGs were constructed, and the top-degree hub genes were SERPINE1, CTSB, PLAUR, GLB1, FOSL1, FTH1, GRM1, HEXA, HSPB1, DDIT3 and M6PR. The relationships between RNA expression and histology/survival were also explored with another glioma dataset (Fig. 2) . SERPINE1 (also known as PAI-1) encodes a member of the serine proteinase inhibitor (serpin) superfamily. Previous publications have demonstrated that the overexpression of PAI-1 in GBM is significantly correlated with a shorter survival rate (24) . Recent research has revealed that the glioma-derived plasminogen activator inhibitor-1 (PAI-1) affects the tumour microenvironment by regulating the recruitment of LRP1-positive mast cells (25) . CTSB encodes cathepsin B, a lysosomal cysteine cathepsin. This is consistent with the fact that cathepsin B is a strong predictor of survival in GBM (24) . PLAUR (also known as uPAR) encodes the receptor for urokinase plasminogen activator. A correlation between uPAR and invasion of GBM has been repeatedly demonstrated in recent years (26, 27) . Cathepsin B and uPAR regulate self-renewal of glioma-initiating cells (28) . Inhibition of cathepsin B and uPAR inhibits cell invasion in glioma (29) and enhanced radiation-induced apoptosis in gliomainitiating cells (30) . GLB1 (also known as EBP) encodes galactosidase β1. When bound to elastin-derived peptides, EBP allows GBM cells to adhere to the newly synthesized matrix and increases their aggressiveness (31) . Generally, the molecular mechanisms underlying GLB1 in GBM have not been well clarified. FOSL1 (also known as FRA1) encodes the AP-1 transcription factor Fra-1. Only a few literature reports have proposed that Fra-1 takes part in migratory behaviour of GBM cells (32) . However, FRA1 expression is associated with the migration of breast cancers (33) , and the depletion of FRA1 results in a mesenchymal-epithelial transition (34) . FTH1 encodes ferritin heavy chain 1, the major intracellular iron storage protein in cells. Ferritin protects DNA from iron-induced oxidative damage (35) , and silencing the ferritin heavy chain can effectively sensitize tumours to chemotherapy in glioma (36) . However, the ferritin heavy chain has also been reported to be a negative regulator of ovarian cancer stem cell expansion and epithelial-to-mesenchymal transition (37) . GRM1 encodes glutamate metabotropic receptor 1. Ligand binding to this protein activates a phosphatidylinositol-calcium second messenger system. The Human Protein Atlas (http://www.proteinatlas.org) shows that GRM1 is highly expressed in normal brain tissue and less frequently expressed in glioma tissue and cells. This is consistent with the negative relationship between GRM1 expression and glioma grade (Fig. 2) . However, it has also been demonstrated that mGluR1 inhibition induces cell cycle arrest, caspase-dependent apoptosis, and prevents invasion and migration in glioma (38) . HEXA encodes a preproprotein that is proteolytically processed to generate the α subunit of the lysosomal enzyme β-hexosaminidase. In the last century, β-hexosaminidase was found to be overexpressed in colonic carcinoma (39) , ovarian adenocarcinoma (40) and lung cancer (41) , but no further research has been conducted to clarify its underlying mechanisms, which need to be further verified. HSPB1 (also known as HP27) encodes heat shock protein family B member 1, which functions as a molecular chaperone, probably maintaining denatured proteins in a folding-competent state. Recently, HSPB1 was proposed to be a discriminating short protein that is a long survival factor in GBM (42) . HSP27 mediates SPARC-induced changes in glioma morphology and invasion (43) , and inhibition of HSP27 alone or in combination with pAKT inhibition may be an effective therapeutic approach (44) . DDIT3 (also known as CHOP) encodes DNA damage inducible transcript 3, which functions as an inhibitor by forming heterodimers with other C/EBP members. In addition, it blocks their DNA binding activity. CHOP facilitates autophagy and contributes to resistance to treatment in glioma (45, 46) . Overexpression of CHOP enables immune inhibitory activity of tumourinfiltrating myeloid-derived suppressor cells (MDSCs), which promotes cancer development (47) . M6PR encodes mannose-6-phosphate receptor, which is related to transportation of phosphorylated lysosomal enzymes. There have been few research efforts involved in determining the influence of M6PR on cancers. Selective M6PR downregulation has a critical role in CD8 + T cell survival, which provides protection against cancer (48) . M6PR mediates TMEPAI transport from the Golgi directly into the endo-lysosomal pathway and then indirectly boosts tumourigenesis in lung cancer (49) .
Module analysis of the PPI network revealed that the DEGs related to survival were mainly associated with cell migration. GBM secretes chemokines that can promote tumour growth and progression or induce stromal cells to provide a hotbed for tumour growth (50) . Neuroactive ligand-receptor interactions have been reported as having a negative effect (51, 52) on glioma cell proliferation. It was a foregone conclusion that ECM-receptor interaction and focal adhesion contribute to a poor prognosis, as both are closely related to cancer cell invasion.
It must be acknowledged that microarray analysis has limitations. First, it can only report the level of mRNA expression, usually comparing tumour tissues with non-tumour tissues, and the genes that are highly expressed in tumour tissue are determined by statistical analysis. However, this method cannot analyse gene modification or detect protein function. For example, NLGN3 is a functional protein expressed in normal brain tissue, but its associated normal functional activity promotes cancer growth (53) . On the other hand, due to statistical analysis, bioinformatic analysis is not applicable to all cases and samples. For example, the trend in gene expression profiles in each sample is not consistent in Fig. 1 , but the trend in most samples is consistent. This is due to small probability events that are almost impossible in a single experiment but inevitable in repeated tests. This indicates that bioinformatic analysis is only an analytical method. Scientific research cannot be entirely dependent on such a method, and the hypotheses yielded by bioinformatic approaches must be demonstrated by various experimental methods and finally proven in clinical practice.
The present study identified key pathways and genes correlated with survival of GBM patients who had undertaken standard therapy. As expected, the angiogenesis and migration of GBM cells contributed to a poor prognosis. Notably, the upregulated genes were enriched in negative regulation of cell proliferation, and the downregulated genes were enriched in signalling pathways regulating pluripotency of stem cells. A total of 3 hub genes (FTH1, GRM1 and DDIT3) had negative effects on cancer cell proliferation, and the module genes of the PPI network were enriched in neuroactive ligand-receptor interaction, which has been reported to have a negative effect on glioma cell proliferation. All the above results highlight that cell dormancy is an essential contributor to the shorter survival of GBM patients who have undertaken standard therapy. The change in the dormant state is probably determined through a process of epigenetic regulation (54) . Presumably, the expression and functional level of the dormant genes would be reduced in recurrent tumours. However, as little research has been published concerning this issue, further experimental validation is required to confirm the pathogenesis and mechanisms. Modulating persistent cell dormancy or preventing tumour cells from translating into quiescence during radiochemotherapy should be helpful to prolong the survival of GBM patients under standard treatment.
